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Final technical report for N.A.S.A. Grant No. NAGW-181. 
Ralph A. Lewin and L.C. Cheng, S.I.O. 


Prochloron is a unicellular alga with many cytological features 
those of other prokaryotic algae, but with certain biochemical features 
like those of green algae and higher plants. It can be regarded as a 
possible relative of ancestral chloroplasts , if one accepts the Mereschkovsky 
theory of symbiogenesis . To test such theories, detailed information of its 
fine structure, biochemistry and physiology is needed. Ideally, one would 
like data obtained from cells grown in pure culture, but despite many attempts 
during the last few years we have not yet succeeded in growing them in the 
laboratory. Accordingly, we have had to depend on material collected from 
Nature. Prochlor on is characteristically associated with certain didemnid 
ascidians which occur in tropical coral-reef areas. We found that Palau 
was perhaps the most suitable source for collecting such material, and 
Lissocl inum patella the most suitable host species from which to extract 
Prochloron cells in quantity. Lyophilized or frozen cells were analyzed in 
various ways, by various work *s in various laboratories, using material 
supplied by us, collected dui-.ig expeditions to Palau financially supported 
largely by N.A.S.A. A number of publications have resulted from research 
on such material; others are in the course of preparation. We still lack 
unequivocal proof for or against the symbiogenesis theory, but much of the 
accumulating evidence seems to support it. We shall know more in the next 
two or three years. 



N.A.S.A. supported two expeditions to Palau (IPE-VII and IPE-VIII), in 
1982 and 1983 respectively, and an international workshop (IPW) in La Jolla 
in 1983. We enclose reports from these expeditions and the workshop, a 
brief report of the work carried out on the samples collected, and a list 
of publications resulting therefrom. 


More than 100 samples have been solicited from our collections and 
sent to more than 40 colleagues here and abroad. Included in the latter are 
scientists in the U.S.A. (22), Great Britain (5), Germany (8), France (2), 
Norway (2), the Netherlands (1), Switzerland (1), Australia (2), Canada (1), 
Japan (1) and China (1). Work on the material is presumably proceeding along 
with other projects in the various laboratories, and one may anticipate that 
in duo course publishable results will appear in the literature. Each 
collaborator has been asked to acknowledge that the material had been 
collected on expeditions partly financed by NASA. 


The following papers, accepted for publication or already published, 
are based largely or entirely on Prochloron research carried out, or on 
samples collected, at Palua, on expeditions financia'.ly supported in part 
by NASA Grant No. NAGW-181. 
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Final technical report for N.A.S.A. Grant No. NAGW-181. 
Ralph A. Lew in and L.C. Cheng, S.I.O. 


Prochloro n is a unicellular alg? with many cytological features lik£ 
those of other prokaryotic algae, but with certain biochemical features 
like those of green algae and higher plants. It can be regarded as a 
possible relative of ancestral chloroplasts , if one accepts the Mereschkovsky 
theory of symbiogenesis. To test such theories, detailed information of its 
fine structure, biochemistry and physiology is needed. Ideally, one would 
like data obtained from cells grown in pure culture, but despite many attempts 
during the last few years we have not yet succeeded in growing them in the 
laboratory. Accordingly, we have had to depend on material collected from 
Nature. Prochlor on is characteristically associated with certain didemnid 
ascidians which occur in tropical coral-reef areas. We found that Palau 
was perhaps the most suitable source for collecting such material, and 
Lissocl inum p ate l la the most suitable host species from which to extract 
Prochloron cells in quantity. I.yophi 1 ized or frozen cells were analyzed in 
various ways, by various work -s in various laboratories, using material 
supplied by us, collected dut . ig expeditions to Palau financially supported 
largely by N.A.S.A. A number of publications have resulted from research 
on such material; others are in the course of preparation. We still lack 
unequivocal proof for or against the symbiogenesis theory, but much of the 
accumulating evidence seems to support it. We shall know more in the next 
two or three years. 


N.A.S.A. supported two expeditions to Palau (IPF.-VII and IPE-VI1I), in 
1982 and 1983 respectively, and an international workshop (IPW) in La Jolla 
in 1983. We enclose reports from these expeditions and the workshop, a 
brief report of the work carried out on the samples collected, and a list 
of publications resulting therefrom. 

More than 100 samples have been solicited from our collections and 
sent to more than 40 colleagues here and abroad. Included in the latter are 
scientists in theU.S.A. (22), Great Rritain (5), Germany (8), France (2), 
Norway (2), the Netherlands (1), Switzerland (1), Australia (2), Canada (1), 
Japan (1) and China (1). Work on the material is presumably proceeding along 
with other projects in the various laboratories, and one may anticipate that 
in due course publishable results will appear in the literature. Each 
collaborator has been asked to acknowledge that the materia) had been 
collected on expeditions partly financed by NASA. 

The following papers, accepted for publication or already published, 
are based largely or entirely on Prochloron research carried out, or on 
samples collected, at Palua, on expeditions financia' ly supported in part 
by NASA Grant No. NAGW-181. 
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the extraction of proteins from Prochloron . Phytochemistry 22, 2365-2368. 
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Papers in preparation, or submitted but not yet accepted for publication 
include two by Alberte et al., and two by Paerl et al. 
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ABSTRACT 


For the first time, Prochloron cells have been found associated with an 
animal other than a colonial ascidian - namely, a synaptid holotburian, 8vnap- 
tola Itmperti . 


Green unicellular algae lacking an evident nucleus (i.£. , they are 
prokaryotic) have elicited considerable interest in recent years because of 
their possible phylogenetic affinities to blue-green algae on the one hand and 
to the chloroplasts of higher plants on the other. They have been assigned to 
a new genus, Prochloron. in a new algal division, the Prochlorophyta (Lewin, 
1976, 1977). They occur characteristically as symbionts of certain colonial 
aacidians (Protochordata) on tropical and sub-tropical shores around the 
world. So far, they have been reported only from member a of the families 
Vtdomidae (various species of Pidemnum, Trididemnum. Dinlosona. L issoclinum 

i 

and Ichinoclinum ) and the closely related Polycytoridae ( Cvstidites sp.) 

(Kott, 1977, 1980; Levin, 1979). They have never been found living free, and 
have not yet been grown in sustained laboratory culture, although Patterson 
and Withers (1982) have reported alow, non-austained growth of Prochloron 
cells in a sea-water median supplemented with tryptophan. 

Prochloron cells occur in sporadic green patches on the surfaces of 
colonies of Didesmun candidun and other encrusting didemnids under rocko and 
on mangrove roofs in Baja California, Mexico (Lewin and Cheng, 1975) and in 
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For the first tine, Prochloron call* have been found asaociated with an 
animal other than a colonial aacidian - namely, a synaptid holothurian, Svnap- 
tnla lanpert i ■ 


Green unicellular algae lacking an evident nucleus (i.£. , they are 
prokaryotic) have elicited conaiderable iatereat in recent years because of 
their possible phylogenetic affinities to blue-green algae on the one hand and 
to the chloroplasts of higher plants on the other. They have been assigned to 
a new genua, Prochloron. in a new algal division, the Procblorophyta (Levin, 
1976, 1977). They occur characteristically aa symbionts of certain colonial 
aecidians (Protochordata) on tropical and sub-tropical shores around the 
world. So far, they have been reported only f row members of the faailies 
Mdeanidae (various species of Didemnua . Trididewnun . Piploaone . L iaaoc 1 inun 
and Kchinoc 1 inun ) end the closely related Polycytoridae ( Cyst idites sp.) 

(Cott, 1977, 1980; Levin, 1979). They have never been found living free, end 
have not yet been grown in sustained laboratory culture, although Patteraon 
and Vithers (1982) have reported slow, aon-sustained grovtb of Prochloron 
calls in a sea-water nedion supplemented with tryptophan. 


Prochloron cells occur in sporadic green patches on the surfaces of 
co 1 onies of Did eaaiua candidun and other encrusting didennids under rocks and 
on aangrove roots in Saja California, Mexico (Levin and Cheng, 1975) and in 
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similar habitat* in Puerto Rico, the Galapagos Islands, Singapore, etc. (per- 
sonal observation*). In other didemnid species they occur as syabionts, and 
at least 18 spp. are never found without Prochloron cells, tightly packed in 
peripharyngeal spaces or in coion cloacal ducts, leas coionly embedded in 
the tunicin of the colonial teats, (for a review of such syabioses, see Rott, 
1980). Many of these dideanid species occur in low-intertidal or subtidal 
reef areas in Palau, Western Caroline Islands, and it is there that we found 
Prochloron cells also in sporadic patches oa the skin of a synaptid 
holctburian. This is the first report of their occurrence on any animal other 
than an ascidian, and it brings into question the supposedly "obligate" nature 
of the association of this problematic alga with didamnids and their allies. 

Prochloron- b earing bolothurian* (Bchinodensata) were found in a shallow 
fringing-reef area by the Ramori Channel, Roror, Palau, in February 1981 and 
again in February 1982, about 250 metres fro* the boat dock of the Rikko-Palau 
(Continental) Hotel. They were scattered over a relatively s*sll ares perhaps 
100 m across, usually in s*sll groups of 5-10 individuals, crawling ..in and 
over colonies of a purple-black sponge. They have been identified as Synap- 
tnla lawoerti Heding by Dr. Frank Rowe of the Australian Rational Museun, Syd- 
ney, The animals were 3-5 *m wide anti ranged in length fro* 5 ca (contracted) 
to 25 c* (extended). Around the south there were 10-11 tentacles. Their 
natural colour was nottled, lilac and white, but about 10-202 of the individu- 
als (in surveys of 50-150) bore green patches on the posterior 1/3 of the 
body. These patches were attributable to green unicellular algae ( Prochloron 
sp.) indistinguishable fro* those living symbiotically in aearby didemnid 
colonies (Di olosons viyens. ]>. similis. Lissoclinn* patella. L. voelakowi. 
Didenmu* *olle and Trididemnum cvclons) . They could have been transferred 
fro* the dideanids in the vicinity either as free cells (we detected by 
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of the association of this problematic alga with did«nids and their allies. 

Prochloron -bear inn holothnriana (Ichinodermata) were found in a shallow 
fringing-reef area by tbe tenor i Channel, loror, Palau, in February 1981 and 
again in February 1982, about 250 metres from the boat dock of the likko-Palau 
(Continental) Hotel. They were scattered over a relatively snail area perhaps 
100 a across, usually in snail groups of 5-10 individuals, crawling -in and 
over colonies of a purple-black sponge. The} have been identified as Svnap- 
tu.a i Hading by Dr. Frank hove of the Australian Rational Museum, Syd- 

ney. The aninals were 3-5 an vide and ranged in length fron 5 cu (contracted) 
to 25 cn (extended). Around the mouth there were 10-11 tentacles. Their 
natural colour was mottled, lilac and white, but about 10-20Z of tbe individu- 
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filtration tome 10-20 Prochloroo cella per litre of water in that area) or 
carried by free-avinming larvae of the aymbiotic aacidiana, 

The algal cella were generally apherical, 12-16 jim in diameter} about 25Z 
ware in various atagea of cell diviaion (Fig. 1, 3 & 4). Although the avail- 
able quantities were inefficient for an unequivocal demonstration of the 
praaence of chlorophyll b. as well as chlorophyll £» their bright green colour, 
and the praaence of abundant cella of identical microscopic appearance in 
nearby symbiotic did emu ids (which harbour authentic Prochloron ) . leave little 
reason to question that they are in fact Prochloron calls. Further evidence 
is provided by their fine structure aa revealed by transmission electron- 
microscopy. As shown in Figs. 5 and 6 they exhibit features typical for this 
genua, notably the thickness and substructure of the cell walla, the form and 
distribution of the polyhedral bodies, and especially the paired or stacked 
thylakoida lacking phycobilisomea . They were associated with large numbers of 
phagocytic anoebocytes that had presumably emerged from the coelom of the host 
animal: so me of these amoebocyt*? —ore found closely oppressed to Prochloron 

cells (Fig. 2-4). The algae could be wiped off by stroking with a finger 
Specimens of tvnantula bearing Prochloron were taken alive in sea water to the 
laboratories of the Micronesian Mar i culture Demonstration Centre, where they 
lived for a few days in an aquarium} but during that time they tended to lose 
most of the algae, which were detached as the synaptulids squirmed and stroked 
one part of the body against another. We kept some in direct daylight and 
others in diffuse light, but noted no evident change in the sixe of algal 
patches in 5 days. 

We have been able to find little information on the natural history of 
Svnautula spp., which have been reported from many coasts around the Indo- 
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Pacific islands (Clarke, 1920), on the Great Barrier Reef (Clarke, 1938), and 
in the Caribbean (Pavaon, 1976). They »eem to be knovn to apecialiata mostly 
aa specimens preserved in formalin or alcohol, in which symbiotic algae, if 
originally present, would aoon be detached end diacolored beyond recognition. 
We o* sained the noraal yellow-green patches on larger species of Synapta in 
the aane area, end the skins of other holothurians coumon in the vicinity, but 
found no Prochloron cells there. Their sporadic presence on Bvnaptula lam- 
■esrti nay be attributable to peculiar features of the holothurian skin, which 
baa bean shown in another apodous aea eucunber to accumulate amino acids 
(Townsley and Ahearn, 1973). further investigations are needed to establish 
this point. 

Specimens of the Bvnaptula have been deposited at the Rational Museum of 
latural History, Washington, D.C., and the Australian Museum, Sydney. 
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Liat of Figures 

Figures 1-4. Light-micrographs (phase-contrast) of Prochloron 
and coelomocytea on skin of holothurian 8 map tula 1 taper ti (8) 
bar " 10 micrometres .) 


cells (P) 
(Scale 


Figures 5-6. Electron-Micrographs (TEH) of algal cells from Synaptula 
akin, shoving polyhedral bodies (PHB) , paired tbylakoids (THY), and other 
features characteristic of Prochloron . (8cale bar ■ 1 micrometre.) 
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Liat of Figure* 

Figure* 1-4. Ligbt-aicrographa (phaae-contraat ) of Prochloron col la (P) 
and cooloaocytoa on akin of holothurian 8 mao tula lg^fft 1 (8). (Scale 
bar • 10 aicronetrea.) 

Figure* 5-6. Ilectron-nicrograph* (TH) of algal cella from 8ynaotula 
akin, •bowing polyhedral bodiea (PM), paired thylakoid* (THT), and other 
foaturea character! at ic of Prochloron . (Scale bar ■ 1 micronetre.) 
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OF POOR QUALITY 

The procaryotic alga, Prochi oron , has aroused considerable interest 
because it contains both chlorophyl 1 s a_ and b_ but lacks phycobilins (A). It 
occurs in symbiosis with a number of marine ascidians but as yet, little 
Information is available concerning the relationships between the alga found 
in different hosts, and the organism has been successfully cultured in the 
laboratory, from only one host (B). The relationship between Prochi oron and 
its hosts may be compared with that between the dinoflagellate, Gymnodini urn 
jaicroadriaticum and Its diverse marine hosts. In this latter case, the 
existence of distinct strains (subspecies) of the dinoflagellate has been 
demonstrated by coniparing biochemical and morphological properties (C,D,E) 
thylakoid lipids (F) and sterols (G). This paper reports analyses of the 
lipids of Prochloron isolated from several hosts, to determine whether differ 
ences In lipid composition could be used to characterize organisms from 
different sources. 


I 



f 




MATERIALS AND METHODS 

Prochloron cells were obtained as freeze dried samples harvested at Palau, 

Caroline Islands by L. Cheng and R.A. Lewin or as intact cells freshly 

expressed from host material collected on the Great Barrier Reef at Heron 

Island by A.W.D. Larkum or at Lizard Island by D.G. Bishop. Cells were 

extracted with chloroform ’.methanol , 2:1 (F) without addition of butylated 

hydro^ytoluene. MGG, DGG and SL were quantitatively estimated (H) after thin 

layer chromatography of total lipid samples on Silica gel HR plates in the 

solvent, acetone:benzene:water (I) or after thin-layer chromatography of 

R 

samples freed of pigments by chromatography on Sep-pak cartridges (J). 
Phosphatidyl glycerol was estimated by phosphorus analaysis (K) after thin- 
layer chromatography in the same system. Pure lipids for fatty acid analysis 
were Isolated by preparative thin-layer chromatography, methylated and 
analysed as previously described (L,F). 


RESULTS 


ORIGINAL TV’ E IS 
OF POOR QUALITY 


The analyses of total lipids of Prochi oron freshly isolated from Diplosoma 

similis showed four major lipid components MGG, (41 moles %), DGG (4 moles %), 

SL (47 moles %) and PG (8 moles %). A minor component, monogluco: v! diacyl - 

o 

glycerol, detected in the lipids of Prochloron (M) and cyanobacteria (N,0) is 
included in the values for MGG. The values are similar to those recently 
obtained for the lipids of Prochloron isolated from Lissoclinum patella (M), 

the most striking feature being the high content of SL, which is normally a 

, o, 

minor component of photosynthetic membranes (P) including those of cyano- 
bacteria (Q). In addition the content of DGG is relatively low and the molar 
ratio MGG:DGG is unusually high for photosynthetic cells. Analysis of the 

MGG: DGG molar ratio in eight samples of Prdchloron lipids (derived from five 

* «* ' 

different hosts) gave a mean value of 7.2 (range 5.1 to 10.2), considerably 
higher than the mean value of 1.43 (range 1.00 to 2.06) found for 16 species 
of higher plants (P). Values reported for the MGG:DGG molar ratio in cyano- 
bacteria are less than 4 (Q). 

Analysis of the fatty acid composition of individual lipids of Prochloron 
from JD. similis showed a distinctive distribution of fatty acids (Table I). 
Four fatty acids containing fourteen or sixteen carbon atoms were the major 
components of the total lipid. MGG and DGG were characterized by large 
amounts of the monounsaturated acids 14:1 and 16:1, while SL contained 75% 
saturated acids and PG contained about equal amounts of saturated and mono- 
unsaturated acids. No polyunsaturated fatty acids were detected. The data 
are similar to those of the lipids of Prochloron isolated from L. patella 

CM). . 

5/ 

The fatty acid composition^ of the galactolipids of Prochloron isolated 
from different hosts and in different locations and times are shown in Table 
II. While the overall trends are similar, and the ratio of unsaturated to 
saturated acids is greater than 2 in all cases, some differences do occur. 


OF POUR QUAui.'Y 


Analysis of three samples of Prochloron isolated from L. patella in the 
■/. Caroline Islands over a three-year period shows that variations in fatty 
acid composition can occur, e.g. the content of 16:0 in DG6 varies from 4.9% 
to 23.9%. Variations also occur in the fatty acids of galactolipids of 
£ Prochloron isolated from D. simil is ^samples of which have been obtained both 
from the Caroline Islands and the Great Barrier Reef (see also Table I). 
Analyses of the galactolipids of Prochloron from the remaining three hosts 
follow the general trends. Analyses of the SL fractions (results not shown) 
show the same high content of saturated fatty acids as was found from the alga 
from D. si mi 1 i s (Table 1). 

DISCUSSION 

* » 

The object of this study has been to compare the fatty acid composition 

of specific membrane lipids of Prochloron, in order to establish whether some 

♦ 

distinctions can be made between the algae infecting different hosts. A 
number of criteria, which provide evidence for strain variation, have been 
established for the symbiotic dinoflagellate, G. mi croadriaticum (C,D.,E,F,G) , 
including the content of eicosapentaenoi c acid in thylakoid galactolipids and 
the relative levels of octadecatetraenoic acid in MGG and DGG (F). However, 
in the case of Prochloron, the present results do not allow a similar con- 
clusion. Although the lipid composition of Prochloron is characterized by a 
high content of SL, and a high MGG:DGG ratio, and each of the four major 
lipids has a characteristic fatty acid composition (Table I and ref. M), 
variations in the fatty acid compositions of individual lipids In samples from 
different areas, and from different times in the same area (Table II) do not 
at this stage permit fatty acid composition to be used as a taxonomic 
criterion. It must be recalled however that in eucaryotes, MGG, DGG and SL 
are located only in chloroplast membranes, whereas in cyanobacteria and 
presumably Prochloron , these lipids are present in both thylakoid and cyto- 
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plasmic membr». »s. Both the cyanobacteria ( Q, R ) and Prochi oron (Table I and 

ref. M) lack lipids such as phosphatidylcholine and phosphatidyl ethanol amine 

r 

both of which are characteristic of eu^calyotic menbranes. They also 

A 

synthesize MGG by a pathway Involving epimerization of monoglucosyldlacyl - 
glycerol (M,N,0) whereas eucaryotes utilize a pathway Involving UDP- 
galactose. 

While the present results do not justify the use of fatty acid content In 
the taxonomy of Prochloron , the variations found in the lipids of cells from 
the same host harvested fron ifferent areas, or at different times In the 
same area, suggest that a study of the effects of tenperature and light 
Intensity on lipid conposition would be rewarding. The lipid and fatty acid 
composition of the cyanobacteria Anacystls hidulans which does not synthesize 
polyunsaturated fatty acids, are both affected by temperature (Q) and the 
ability to culture Prochloron In the laboratory (B) now makes such a study 
feasible. 
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TABLE 1 MAJOR FATTY ACIDS OF LIPIDS OF 
PROCHLORON ISOLATED FROM DIPlOSOMA SIMILIS* 


Fatty acid 

Total lipid 

MM 

DGG 

SL 

PG 

14:0 

7.6 

• 

a 1 

2.0 

14.$> 

18.** 

14:1 

19.7 


40.8 

7.2 

13.1 

16:0 

33.2 


11.8 

60.6 

38.8 

16:1 

31.9 

4T7S 43 1 

45.3 

17.5 

30.7 

18:0 ’* 

♦ 

- 

♦ 

- 

♦ 

18:1 

1.2 

♦ 

♦ 

m 

♦ 


a One-Tree Island, November 1982. 
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Summary 

Prochi oron Is a genus of prokaryotic algae with photosynthetic 
pigments like those of chi orophy tes . Prochl orophy tes are almost 

Invariably found associated as symbionts with marine protochordates 
(didemnld ascidians), and so far none has been successfully grown 


In sustained culture away from Its host. Based on materials 
collected from nature. Information of various sorts (biochemical, 
physiological, cytologlcal and f 1 ne-structural ) has been obtained, 
Indicating many resemblances (and probably close phylogenetic 
affinities) between prochl orophy tes and cyanophytes. Nevertheless 
they are distinguished by certain unique combinations of 
characters. Some of the data support the symblogenesls theory for 

i 

the origin of green-plant chi oropl asts . Other possibilities 
are briefly discussed. 
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Prokaryotic el gs« with two chlorophylls, a ab 8 f And laoking aooeasory 
phyoobllin plgeenta, hart been found aaaooiated with prot o ch or data 
Invertebrates on troploal mi ahoree (Levin and Chang, 1975; Nevooeb and Pugh, 
1975). Pirat described aa aooohlorallae (Seltb, 1935) and latar aa 
Svnachocvatla (Lawln, 1975), thay have now baan assigned to tba ganua 
Prochloron (Lawin, 1977) io a newly established algal division, tba 
Prooblorcphy ta (Lawin, 1976). An aarliar review of tbla aubjeot, which I 
praparad in 1978, waa published in 1981a; in tbia one I rarlaw work published 
in tba years up to 1982. Slnoa, by tba oharaoteristios daaorlbad above, 
procblorophy tea differ fro* cyanopLytea (tba only prokaryotic algae known 
hitherto), tbay bare raoantly elicited oonaidereble Interest, especially in 
regard to their phylogeny (a.g. , BJOrn and BJOrn, 1982; Cavalier- Seltb, 1982; 
Cbadafaud, 1978; Iraeer, 1980; Chapean end Trench, 1982; Seewaldt and 

i 

Stackabrandt, 1982). Two specific topics bare engaged attention. (1) Old 

' I 

' procblorophy tar arise independently of cyanopbytes, or did one of these 

classes arise f roe tba other? (2) If eukaryotic oblorophytas originated by 
syeblogenesls (which la still debatable), eight their plastids bare arisen 
froe syebiotlo, endophytic proohlorophy te-like ancestors? In theory, various 
kinds of evidenoe on these points oould now be obtained by electron 
elorosoopy, ooeparatlve biocbeelatry , eoleoular biology and even blocbeeical 
engineering — if we had at our disposition viable and preferably axenlc 
cultures. Unfortunately, up until now no such cultures of Prochloron have 
been available, though one reoent report (Patterson and Vlthers, 1982) 
indicates that this situation eay soon be raeedied. 

Syebiotlo associations of Prochloron with dldeenids ooour on shores along 
the north- vest ooast of Mexioo , in the Caribbean, on saee coasts of the 
Oalipagos, Hawaii, eto. , but they tend to be relatively inoonsplcuous, and 
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only mil 1 quantities of tig al otllt oto be harvested from them (see 
refereooes to otrlitr work oltod by Lew in, 1 901 • ; Lewis, Cheng tod Laf argue, 
I960). Bow ever, rinh tod varied sources of these alga*, which normally lire 
Id symbiotic tttoolatloD with otrttlD oolooltl ascidlans, mostly dldemnlda, 
have now bssn discovered Id omrttlo trots of ths Indo-Paciflc (Lswln, 1979; 
Kott, i960). Ths tlgts from dlfforsot hosts sssm Tory similar Id most 
rospocts, though oorttlo dlfforoncas hate been ootod In tbolr ooll diameter 
tod flos atruoturo (Pugh, 1976). ilaaocllnun patella . Id portloular, is to 
excellent oouroo, tlooo dODsa suspensions of ths alga# can bo roadily 
obtained, almost free from contaminating oolls of other kinds, by simple 
mechanical pressure. Ve hare prepared freeze-dried preparations of Proohloron 
from such symbloses and bare made samples aTtilable to many scientific 
colleagues Id various laboratories around the world. Mich of the following 
lnforaatloD was obtained from such material. 

To begin with, the oligonucleotide catalogues of 16S rRHA from Proohloron 
oells from four different host species are almost identical ( Stacks br and t at 
Ml- , 198 2), suggesting that ey are, if not oonspeciflc, at least vary 
closely related. A growing body of erldenoe indicates that there are dose 
biochemical similarities, and presumably phylogenstic relationships, between 
Prochloron and a farlety of blue-green algae. Its oell walls contain a uranic 
add, some 1.3 fg of oell surface (Morlarty, 1°79) t the peptldoglyoan 
type being ldentlcvl to that fou d in cyanophytes and many Oram-negatlTe 
beoterla (Stackebrandt and Candler, 1982). Prochloro n contains a variety of 
carotenoids, predominantly p-oarotene and xeaxanthin, generally like that of 
blue-green algae exoept for the abeenoo of glyooaldic carcunolds (present in 
most cyanophytes), and differing in important respeots from that of eukaryotic 
ohlorophy tea (Withers gl. , 1978; Withers, Tldaver and Lew in, 1978). The 
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polar lipid ooapoaltlon la typical of that of oyanophytes In that the aajor 
lipids are galactolipids, sulfoqulnovosyldiaeyl-gly carol and 
phospfaatldylglyoerol , while ptooephatldyl choline and phoaphatldy lethanolaalne 
are absent (Parry gjfc gl. , 1978; Hurata and Sato, 1983)* Honogalaotollpld la 
apparently synthesized via Bonogluoollpid aa in cyanrohytes, not by the 
pathway obaraotarlatic of eukaryotic plants (Hurata and Sato, 1983; lenrlck it 

f v i * f It U ' 

al . . Sydney; personal ooaannl cation) . Polyunsaturated fatty acids are not 
present in significant aaounts (Perry gl gl. , 1978; Hurata and Sato, 1983) • 
Saall aacunts of sterols, with a high proportion (221) of 5 d-stanois, have 
been found In Prochloron . as in oyanophytes. The relatively high proportion 
of cholesterol (0.031 of oell dry weight) suggested to Johns gt al. (1981) 
that they nay not have been produoed by the alga Itself but by Its anlaal 
host. 


Ecological considerations, and data on pbctosynthetic activities of 
Prochloron cells la hoanlte and JLn vitro , have been presented and discussed by 
Tokioka (1942), TTiinh and Griffiths (1977), Thinb (1978b), Piahar and Trench 
(1980), Pardy and Lewln (1981), Thinh, Griffiths and Ngan (1981), Kreaer, 

Pardy and Lewln (1982), Pardy, Lewln and Lee (1982)^and Lewln, Cheng and 

Alberts (in preparation) . It appears that the alga could derive at least aoae 

br-4. re A At cJl > 

of Its requirements for 00^ nitrogenous ooe pounds ^sd perhaps tryptophan 
(Patterson and Withers, 1982), fro* the anlaal host, and that the latter could 
benefit by the photoaynthetlc production of organic solutes and oxygen by the 


Prochloron oells In their extraoellular spaops (Pardy and Lewln, 1981). V if rj 


blue-green algae and autotrophic 


In 'hells of frocMaroP, as l2 aany blua-gre 


bacteria, there are polyhedral bodies with a crystalloid substructure 
(Sofauls-Baldes and Lewln, 1976; Whatley, 1977) probably ooaposed of ribuloae 
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lilt- phosphate (tuBP) carboxylase aoleoulea. BuBP-oarboxyiaee haa been 

extracted fro* Prochloron . and it appaara laaufiol ogi oai ly identioal to that of 

* 

tba cyanopbyte Mlcrocyatla (G. 1. Codd, Dundee; paraoaal ooaaunloatlon) . Tba 
Datura of tba BJBP-oarboxy laaa in Prochloron ia of particular lntaraat for tba 
following raaaon. In green plants generally, tba ansyaa la aada up of 16 
subunits, 8 large (anoodad in tba onloroplast DBA) and 8 aaall (synthesized on 
nRli originating In tbe nuclei). But Prochloron has neither plaatida nor 
nuclei; ao bow does it aake lta RuBP-carboxy laaa? ( Sea a cyanopbytas sake an 
ancyae of tba 8L*8S type— but aoae do not.) Barbow and McPaddefl (1983) have 
oonflmed that RuBP oarboxylaae la Indeed present In Prochloron . along with 

f 

phosphorlbulokloase, and that It baa large and aaall aubunlta auch like those 
in higher graan plants. Tbe Prochloron RuBP carboxylase dissociates (probably 
to AL ♦ AS halves) during polyacry laalde-gel electrophoresis, being in this 
respect unique aaong all RuBP- carboxylase enzyaes so far exaalned. Actlvltleo 
of superoxide dlaautaae (L. Henry, King's College, London), nitrite reductase 
(H. Botbe, Cologne) and succinate thi-xinase (P. D. J. Veltzaan, Bath) have 
baan daaonstratad in lyophillxed Prochloron calls (personal ooaruni cations) , 
as have gluoose-6-pbospbate and 6-pbospbogluoooate dehydrogenases (Pall, Lewin 
and Pall, in preparation) . Bowever, tbe isolation of atany other enzyaes from 
Prochloron speoias preparations saaas to be haapered by tbe pbeooaeDon of 
intracellular ooagulatlon, which occurs apparently as tbe oella die (Pall, 
Lewin and Pall, in preparation). 

ludeotlde sequence data froa analyses of 5S and 16S ribosoaal RHA point 
to dose phylogenetic affinities between Prochloron and cyanopbytes, induding 
filaaentoua types such as Moatoc (Ms clay At jJL. , 1982; Seewaldt and 
Staokebrandt, 1982), though a re-evaluation of the 1 6S HI A data led Tan Talen 
(1982; see also Tan Talen and Hal or ana, 1980) to dispute this phylogenetic 
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Od these bases we oould conclude that Prochloron Is a deviant cyanophyte 
In which unusual features of Its pbotosyntbetic pigsent oonplenent had baen 
acquired, perhaps, relatively recently. Basing his oonsl derations on the 
Halted preliminary data then available, Antla (1977) therefore argued against 
the noalnal creation of an algal division, the prochloropby tes, separate fran 
the cyanopbytes. 

However, in addition to j pigsent ooaposltion of Prochloron . anoaalous 
for a prokaryote, there are other features to be oonsldered which distinguish 
It frca blue-green algae. In Prochloron the polyhedral bodies lie 
peripherally aaong the thylakoids (Schulr-Bal des and Lewin, 1976), whereas in 
cyanopbytes they are generally lu the oentroplasa. The locations of the DNA 
bodies, as revealed by staining with fluorescent dyes such as "DAPI, B differ 
In the sane way: there are aany peripheral liaps in Prochloron (Coleman and 
Lewin, 1963) i hut only a single condensed nucleoid in the centroplas of 
oyanophytes. The thylakoids of Prochloron are, of oourse, devoid of 
phyooblllsoaes (Thorns, Mswooab and 0 snood, 1977) • which are a characteristic 
feature of cyanopbytes. They are paired or stacked (Whatley, 1977; Thlnh, 
19?8a1, whereas in the oella of virtually all oyanophytes examined electron- 
microsooploally the thylakoids are separated singly. The slxe distributions 
of photosynthetic partloles on the inner Prochloron thylakoid faoes, as 
visualised by frees e-fraoturing and electron alorosoopy, are suofa closer to 
those of ohloroplasts (of eukaryotic green algae or higher plants) than to 
those of oyanophytes (Glddlngs, Withers and Stash el in, I960; Cox and Dwarte, 
1961). Correlated perhaps with these structural features is a physiological 
feature, a burst of fluoresoenoe exhibited when dark-adapted oella of 
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Proohlnron or other jTHt tipi AT* re- 111 umlns tod ; this response Is not shown 
by ayanophytes (V. fi faver, personal ocmmunl cation). 

iltbough tbs "spsotruB* or Tarlety of photosyatbstic products in 
Prochloron is somewhat closer to tbst of blue-green slgse than to that of 
ohlorophy tea, a notable faaturs Is tbs apparent abaenoe of su arose , trhloh Is 
produced by most other plants tbat contain chlorophyll Published results 
of abort- ten photosynthesis experiments with differ somewhat, perhaps 

partly because the algal oells studied came from different host species and 
partly beoause of the different experimental techniques employed, ikaxawa, 
■ewooab and Osmond (1978) found that, within the first half-minute or so, 3- 
phospboglyoerlc add was the major photosyntbetic produot of Prochloron in 
Dlploaoa* Tirana; after that, more acid phosphates and dloarboxyllc adds were 
formed; and after an hour some 85f of the total fixed oar bon was in the fon 
of a water-soluble oligosaccharide. Plaher and Trench (1980), who studied 
Prochloron oells isolated from £. Tirana , reported that after 1 b of 
lnoubation In the light the primary end-products were gluoose, maltose, 
fruotose, sugar phosphates and polygluoans; the main extraoellular product was 
glyoollic sold. By oontraat, Kramer, Pardy and Lewln (1982), who worked with 
Prochloron oells Isolated from Llaaocllnum patella inoubated In light for 
periods up to 1 b, found no free sugars; more than 50S of the fraction soluble 
in aqueous aloobol consisted of amino acids, and about 20 1 comprised adds of 
the trioarboxyllc acid cycle and glyoollic acid. 

Both branched and relatively abort- chain, unbranched 1,4 alpha- ffluoa ns 
(starches) ooour in Prochloron oells (ikaxawa, Newcomb and Oaond, 1978; 
Fredrick, 1980; Kramer , Pardy and Lewln, 1982) as in many green algae. 
(Onbranohed polyglyoans hare not been reported from cyanophy tea. ) Two 
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phosphor y lase and sytthase enzymes, and three branching isozymes of the 
gl uoosyl- transf erase system, hare al so been found in Proohloron (Fredrick, 
1981 ). 

Oaa vaouolea, which ooour in a any but by no aaana ail cyanopfry taa, have 
not baan found in Proohloron : nor baa cyanophyoin (R. D. , Simon, Rochester, 
Rochester; parsonal ooaauni cation) (a polymer of aapartlc aoid and arginine, 
found in aany cyanophy tea) ; nor baa poly- beta - hydroxy butyric add (G. 
Oottschalk, Ofcttlngen; personal ooaauni cation) (which occurs in soae 
oyanopbytea aa vail aa in aany noo-pbotoayntbatlc prokaryotes) . But in 
oonal derations of phylogeny the absences of suob features nay not be a a 
tailing aa positive characteristics. The production of 3-t N-ne thy laaino) 
glutarlc acid in Proohloron (Summons, 1981) is apparently unique; its 
aetabollc (or osmotic) role rsaaina to be established. 

On tba basis of present data, the decision aa to tba taxonomic position 
of Proohloron baa to la aade subjectively, acoordlng to tba gravity with which 
va weigh the various slailarltlea and differences reviewed above. But even if 
va are lad to oonolude that Proohloron is a "relatively" close relation of the 
oyanophytee, va bava still to acoount soaahov for its ability to synthesize 
oblorophyll Jb (new a vail- establish ad faot: Levin and Withers, 1975; Thorne, 
Mewooab and Oaaond, 1977; Thinh and Griffiths, 19770 aod the thylakold 
proteins to vbiob it la bound (Withers al. . 1978). Is this ability 
aonophyletlo, anoeatral to both divisions of prokaryotlo algae (aa veil as to 
eukaryotic ohlorophytes)? Possibly the proohlorophytes retained it while the 
oyanophytee (now such sore widespread and "suooeaaful" on eoologloal and 
phyalologloal grounds) soaahov lost it and developed other aooeassory 
plgsents, phyooblllns, instead. In the pre-Caabrian era there nay have been 
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free-living proohloropby us as wall aa oy anophyte a. Tbe foaall reoord oannot 
tall u a which oame flrat: prokaryotic algal remains in pre- Cambrian rooka 

oould aa wall ba fossilised prochlorophytea aa ayaoophy tea, aa experimentally 
demonstrated by tba laboratory ailloifioation of Prochloron oalla (Prancia, 
Bargboorn and Margulis, 1978). Or did Prochloron evolve fra* a cyanophyte 
atook and somehow — independently of tba other green algae but by ease parallel 
bloobealoal **olution-- , re- invent* tbe ayntbaaia of obloropbyll £ and 
aeaooiated protaina and, earlier or later, diapanae with aooeaaory pbyoobllin 

pl^enta? (Mutants of blue-green algae with raduoad abllitiaa for biliprotaln 

ait 1 f i i * 

ayntheais have been reported, e.g. , by Stevena and My«ra, 1976.) Or oould it 
have picked up tbe aystaa for chlorophyll £ aa a plasmid fro* so* a 
neighbouring green plant? 


The aeoond major question posed by Prochloron - did green-plant 

ohloroplasta arise, by endo symbiosis, from a procblorophy te anoeator of this 

sort - was briefly disoua&ed three years ago (Lewln, published in 1981b). A 

little more relevant information has ooae to light alnoe then. The data of 

Hardman (1981), orltloal to thla point, lndlaste that Prochloron has a genome 

q 

else (3.59 x 10 dal tons) similar to that of many other autonomous 
prokaryotes, some 30-AO times as big aa that of a ohloroplast genome in 
higher plants (Hardman and Stanier, 1977). If ohloroplast anoeators were 
proohlorophy tea, they seemingly lost some 95$ of their genetio information 
ooding, including much of that required for the functioning of the 
photoaynthetlo apparatus, after the postulated sot of aymbiogeneala. This, of 
oourse, is oonoelvable. The faot that the apparent "plastlds* of the 

o 

flagellate Cranonhora have a DBA genome alse of only 1.17 x 10 dal tons 
(Herdman and Stanier, 1977) » yet nevertheless have (or retain) at least traoes 
of a peptidoglyoan envelope, indicates that auah a reduction may have oo our red 
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•or* than odo* Id evolution. There nmi good evldenoe, froa 16S K9i baae- 
MQiMoot data, that rod algal plaatlda lid in faot originate from ayanophy tea 
(Bonen and Doollttl*, 1 975 i Bomb gi al. . 1979) • loalog over tb* y* are ease 
90-951 of tbair genetic aaterial. Od tb* other band, Cavalier-Salth (1982) 
arguoa, though l*aa plausibly, that heterogeneity of tb* pliant contents of 
plaatlda Id various algal claas** could bate arla*D aftar a alngl* primordial 
aot of ayablogenesls. 

Outlining probl«aa of this kind b«lps us to foraulat* fr*ab approx ones 
and to *ugg*at nav lines of r*a*arab whereby they say ultimately be resolved. 
And aeanwhile we abould retain *tbe ability to see things Id a long-term 
perspective. . .and the willingness to oonoede that there Just itay be another 
point of view" (Queen Elizabeth's Jubilee speech, 1977). 
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Abstract - Vt determined the chlorophyll conteot of ttewe e a 1 epee ie 9--t»t. 
didemcid ascidiant j>og>*a<fng symbiotic algae ( Prochloron ap.) from 
oligotrophic tropical marine waters around Palau, Western Caroline Islands. 

Several contain aa such chlorophyll per unit dry weight aa many herbaceous 

A. 

crop plants and sore than do other symbiotic associations such as lichens, 
green Hydra, etc. Their chlorophyll */b ratios (3-9) were generally much 
higher than those of angiosperms (2-4). Where they abound, Prochloron - 
aacidian aymbioses could make a major contribution to the productivity, 
especially in localized areas of tropical marine waters characterized by low 
nutrient levels and high irradiance. 

Introduction 

Until a few year6 ago, didemnid ascidians with "zoochlorellae" were 
barely mentioned in lists of symbiotic aseociations of invertebrates with 
algae (e.g., Droop, 1963; Taylor, 1973; Trench, 1979). More recently, 
interest in these protochordates has grown, largely because of the unexpected 
discovery that their algal symbionts ( Prochloron sp.) are prokaryotes capable 
of synthesizing chlorophyll b as well as chlorophyll a, a feature hitherto 
thought to be confined to eukaryotic chlorophytes such as green algae and 
higher plants (see review by Lewin, 1981). However, even among marine 
biologists familiar with many of the diverse symbiotic associations found in 
tropical coastal waters and reefs, few are yet aware of the potential 
ecological importance of symbiotic didemnids in such regions (Lewin, 

1979; Kott, 1980). 

In fringing reef areas and shallow lagoons surrounding the islands of 


Palau, Western Caroline Islands, several species of symbiotic didemnids are 
abundant. Along some of the lagoon shores, many rhizophores and lower 


- 3 - 


ORIGINAL Pac - i 
0F POOP QUALIIY 

branches of the mangrove Sonnerat la bear a mosaic coating of a soft greer. 
didemnid, Dmloaoma virena (Tokioka, 1942). On nearshore coastal fla.s,leaves 
of the aeagraaaea Baloahila and Enhalus cac be found partly enve.*>ped by 

A 

grey-green colonies of Liaaoc 1 inun voelttkov: . while in nearby areas these 
aeagrasaes can be equally heavily laden with spherical colonies of yet another 

A 

symbiotic species, Dideunun me 1 le . Along parts of the Earner i Channel, at 
depths of about 1 a, virtually all of the dead coral surfaces are blanketed by 
another green didemnid, Trididemnutt cvclops . This sane species carpets large 
patches of the bottom of at least one of the marine lakes (fUmner, 1982). 

In the localised areas where they are found, symbiotic didemr.id6 could 
contribute significantly to primary productivity, since they are abundant and 
contain large numbers of photosynthetic cells (Lewin, 1981) with high rates of 
photosynthesis (Fisher and Trench, 1980; Thinh et al., 1981; Griffiths and 

Tbinh, 1983; Alberte et al . , in preparation). There is evidence that the^se 

*Ls 

symbionts, which line cloacal cavities and other spaces of their host colonies 

(see Kott, 198C; Levin, 1981), release fixed carbon (Thinh and Griffiths, 

Can. 

1977 ; Fisher and Trench, 1980; Griffiths and Thinh, 1983) which jj* taken up by 
their hosts at levels between 72 (Pardy and Levin, 1981) and 512 (Griffiths 

I 

and Thinh, 1983). These values are comparable to those, sometimes exceeding 
20-302, determined for corals (Taylor, 1973; Muscatine, 1980). In coral reef 
systems, the net productivity (g c/m ^ Id *) may be 5 to 50 times as high as in 
the overlying waters (Marsh, 1976; Lewis, 1977; Trench, 1979), and may reach 
levels comparable to those reported for agricultural systems, kelp beds and 

seagrass communities (Daves, 1981). We present here evidence, based on the 

A- 

chlorophyll contents in eight species of symbiotic didemnid a6cidians, 


indicating an important role of Prochloron -ascidian associations in the 
primary productivity of certain tropical marine benthic communities. 


Materials anc Methods 


Didemnid ascidians were collected in February, 1982, from a ac.aH coastal 
reef flat in the Kamori Channel, Palau, Western Caroline Islands. Colonies 

immersed in seawater were transported from the field to running seawater tanks 

c 

at the laboratory of the Micronesian Hariculture Demonstration Center, Kor^r. 
Prcchioroc sp. cells were removed from the various host species by squeezing 
the colonies. The ratios of fresh (wet) to rah-free dry weight were 
determined on the same samples. Ash weight were determined after '.alcining at 
330°C for 1 hr. Chlorophyll contents and chlorophyll j|/b ratios were 

determined in extracts in 902 (v/v) acetone by using equations of Jeffrey and 

*1*4 t 

Humphrey (1975). Some comparative data were obtained from collections in 

A 

Singapore in 1977 , or from the published literature. 


Results and Discussion 


rat 106 


Among the 8 species of didemnids examined, the dry weight/wet weight 




are lower/ (Table l)/than those of most invertebrates (ref. ? ) but are 


roughly equivalent to those of many angiosperms (Evans, 1972). Most of the 

tK 

values are less than 172, lowest values being those of Didennum mol le (8’.) and 


A 

Diplosoma sinilis (>3Z) which are respectively full of mucilaginous material 
and a les& viscous algal suspension. The one high value (422), that nf 
Lissoc linum bistratum . i6 attributable to the high content of calcareous 
material (842 of the dry weight ) J in the colonies of this species. 


The chlorophyll a/b ratios (Table 1), 3.1 to 8.8, are in the same range 
as those reported for various Prochloron preparations examined earlier 
(summarized Levin, 1981), being higher than those typical of terrestrial 
plants (2.2 to 4.0; Kirk and Tilney- Bassett , 1978) and of marine and fresh - 


I 
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water green algae (1.5 to 2.6; Wood, 1979; Alberte, unpublished). The amounts 


of chlorophyll a f^er gr ash-free dry weighty or per unit biomass^ of the 


symbiotic association i range from 0.8 to 5.3 mg/gm (Table 1). These values are 


comparable to those found in the symbiotic Paramec ium bursana * zoochlorella 
— r*’ ^ K * 

comple*^\5 mg/gm}Jp. Weis, Cleveland, JX, pers. commun., July 1962) and in 


some whole angiospent6 (comprising nonphotosynthetic as well as photosynthetic 


tissues) such as duckweed (Lenina minima . 5.5 mg/gm, our data) and barley ( 


leaves (5. 0-7.0 mg/gm, our data); they are higher than that of the highly 


productive aeagrass, Zosters mar ina (Maz zella et al . , 198 1 ; Dennisor. and 

f r i 

Alberte, 1982). The average valuer; 2.8 mg chlorophyll argm, is higher than 

A 7 

those reported for lichens (e.g. 0.4-1. 2 mg/gm in Pe 1 t iaera canina . 


Wilhelmsen, 1959), the symbiotic green sponge Sponnilla lacustris (0.55-1.2 


mg/gm; Frost and Williamson, 1980, and the dinof lagel late-containing aM**.**,* 


Anthopleura elegant issima (“1.0 mg/gm, estimated from data of Fitt et al., 


1982). The relatively high levels of chlorophyll in fcfr^da symbiotic didemnids 


indicate a considerable potential for photosynthetic activity, which could 


make a significant contribution to their nutrition and thereby add to the 

cas+aiu. 

overall primary productivity of £iseh tropical benthic communities. 


A high content of chlorophyll is not always correlated with a high rate 


of photosynthesis (Kirk and Tilney-Bassett , 1976; Richardson et al., 1983), 


though in many plants it reflects, fairly accurately, their photosynthetic 


rate6 (Patterson, 1960). Light-saturated rates of photosynthesis in Diplosoma 

£•«.{ . 3 

virens have been reported to be £>fel4) greater than the dark respiration rates /f . A. « V 


^4okioka, 1942; Fisher and Trench, 1980; Thinh et al. t 1981)^^rT^ in the 


other species listed in Table 1 (except for Didemnum molle and Lissoclinum 


bistratum , which were not examined) the P:R ratios are 10 or greater (Alberte 


et al., in preparation). Since in Palau these a6cidians experience daily 


£ 
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period* of 1 xght-saturated photosynthesis of about 12 hr (Albert* et a 1 . , in 
preeparation) , tbeir daily (24 hr) P:R ratios are at leaat 5. Similar daily 
P:R ratios are found in sucb terrestrial angiosperms as wheat and maize (C. 

4 

Gudin, per*, coobuq. ; de Witt et al., 1970) and in the seagrass 2o*tera manna 
(Dennison and Alberte, 1963). In most of these symbiotic didemnids, net 
photosynthesis per unit chlorophyll is comparable to, or exceeds, that of 
mauy marine macrophytic algae (Kirk and Tilney-Bassett , 1976; Dawes, 1981). 

On the same basis, net photosynthetic rates of the symbiont alone are 
comparable to those of typical cyanobacteiia (e.g., r yf r 1 t nidulans . 

Vierling and Alberte, 1980; a marine Svnechococcus sp., Wood et al., 1963; 
Alberte et al., in preparation). 

In Palauan reef shelf waters, the majority of the symbiotic didemnid 

species, especially Lissoclinuc patella . Diplosoma virens and Didemnuc . mol le . 

are found at depths less than 2-3 m where there is little attenuation of light 

A 

intensity by the water column. (E.g., at solar noon, under a cloudless sky, 

* 

the light intensity (400-700 nm) at 2 m is 98X of that at 2 cm/' Alberte , 

unpublished data). In isolated Prochloron cells and in Lissoclinur, patella 

and Diplosoma virens colonies, photosynthesis saturates at light intensities 

•2 -1 

of 500 to 1000 *iE m ~ (Alberte et al., in preparation). These symbiotic 

associations are evidently adapted to high-light environments, maximizing 

H**r 

their photosynthesis, and hence^ primary production, under the light 
environments prevailing in shallow reef waters. 


Another feature of some of these symbiotic ascidians which may help them 
to maintain high rates of photosynthesis is their motility with positive 
phototaxis. Colonies of Diplosoma virens can move along substrate surfaces at 
rates up to a few ran per day (Birkeland et al., 1981; Thinh et al., 1981). 
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This could help tc keep then in well illuminated situations and reduce (ftnaAwe} 
eliminate potential shading by other organisms or from burial under sediment. 

{ > ^ -wo ul d b e h ig frW adapt i ve f-or a s p a na s mth ph s t ssy a thet i e sy ks a ntc to — 

O ULZ.jJL.Lt b ■ 


Relatively high growth ratos around 2.3Z per diem have been reported for 
Diplosoma virens (Thinh et al., 1961); aimilar rates have been documented for 
auch photoautotrophs as macrophytic algae (deBoer et al., 1978). Some of the 
nutrients supporting the growth of these animals presumably deiive from 
pbotosynthetic activity of their algal symbionta. However, the presence of 
fecal pellets in their guts indicates that (s e l a n ia s e j D. virens ingest^ 
microplankton (e.g. bacteria and algae) providing an additional source of 
nutrition for the maintenance and growth of the host. / C cH a i wfry^) future work 
r in r h n n r rr v is needed to clarify the nutritional economy of symbiotic 
didemnids . 


N. •‘l** 

Although the presence of symbiosis in didemnid ascidians has beer, 
recognised for some time, their uniqueness has been only recently appreciated 
(-a c e L ewwr , - l" 9H lj . The nutritional role of these prochiorophy te symbionts in 
the growth of their hosts remains unclear, but there is now considerable 
evidence indicating that they can contribute significantly to the primary 

production of tropical littoral communities. In the present report we 

* ; 

demonstrate that at least eight species of Pr ochloron -dddemnid symbicses have 

photosynthetic potentials (based on their chlorophyll content) equalling or 

exceeding those of other marine or terrestrial species ^ ad ay bi ea e y. 
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Ahittict 

The proportion of dividing cells of Frochloron living 
syabiotically in colonies of s dideanid, Diploaoaa virens . rises 
troa shout 42 during the night (20.00-04.00 hrs) to shout 132 in 
the aorning (08.00-12.00 hrs.), end then falls sgsin in the 
afternoon. Siailar, though less pronounced, changes have been 
observed among Frocnloron cells in two other symbiotic dideanids, 
Lissoclinum patella and voeltskovi . 
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Introdoct ion 

Frochloron (Prochlorophyta) is a unicellular, prokaryotic 
alga vitb photoaynthet ic pigment* aiailar to tkoae of enkaryotic 
chlorophytea . Since it has been auggeated that anceatral green- 
plant chloroplaata may have been prschlorophytea (reviewed by 
Levin, 1981), this alga ia of more than usual intereat in 
conaiderations of the origina of eukaryotic plantr. It hat not 
been grown in auatained culture, though Pfteison • Withers i'Jbl) 
reported liaited aucceaa in its colMvatio:* in their i«bcra r ory , 
where cells divided on the average once every 5 days. Almost all 
other atudiea, biocheaical and physiological as well as 
cytological, have involved Prochloron cells collected from Nature 
and mechanically separated from the didemnid aacidian colonies 
with which they are normally associated as extracellular 
symbionts. Of necessity, such studies have been based on 
materials collected in tropical coral-reef areas. One of the 
richest of such areas is the Palau Archipelago, in the western 
Pacific Ocean, where at least six symbiotic didemnids occur in 
relative abundance within a few metres of the sea surface. 

Prochloron cells divide exclusively by binary fiaaion (Levin, 
1975). Moat of the samples of Prochloron d idemni . collected by 
Levin (1975) from the surfaces of didemnid colonies ( Didemnum ap.) 
in the Gulf of California, showed only ai'ont 1Z of the cells 
undergoing division, but in three samp tb (fixed respectively at 
08.00, 12.00 and 20.00 hra), the proportions were considerably 
higher, around 10-20Z. Ve report here observations on the 
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frequencies of cell-division stages iu suspensions of Prochloron 
cells, expressed at regular intervals throughout a natural day- 
night cycle fro* seveval colonies of four species of host 
dideanid. 

Colonics of three species of symbiotic dideanid ascidians 
( Diplosoaa virens . Lissoclinua patella and 1:. voeltxkowi ). still 
attached to their natural aubstrates, were collected from the 
Kamori reef site near the Nikko-Palau Hotel, Eoror, Palau, Western 
Caroline Islands, in March 1983. They were kept in gently running 
sea water at 29°, in 10,000-litre holdinf tanks open to the sky. 
The days were mostly sunny. At 2-hour intervals, for a 32-hour 
period apanning aore than on* day and one night (14-15 March), 
whole colonies or colony fragments of each species were moved 
and pressed in a vial to extrude algal cells, which were preserved 
with ethanol (90Z). Droplets of cell suspension froa each saaple 
were later examined at a magnification of xlOO, and in each 
subsample the percentage of dividing cells was estimated on the 
basis of 400 cells counted. All stages from the first appearance 
of a centripetal cross-wall (early division stage) to incipient 
separation of paired, spherical daughter cells were counted as 
"division stages" (embodying two cell elements). The counts as 
percentages were plotted against the time of day. (A fourth 
species, Trididemnum cvclons . collected and sampled in the same 
way, yielded too few algal cells for meaningful consideration.) 
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Reaulte 

The date obtained for Frochloron celle in Dip , virene ere 
shown in Fig. 1. In the morning end until early afternoon 
(06.00-14.00) some 1 3X of the algal celle exhibited atages of 
division; in some samples almost 16X of the cella were undergoing 
diviaion. Later in the day and at night the proportiona fell to 
around 4-6X. Algal cell diviaiona in the other two didemnida 
ahoved alight but aimilar tendencies (Figs. 2 and 3). In algae 
from the epiphylloua L. voeltakowi the percentage of dividing 
cells ranged from about 10X (02.00-12.00) to 5X (14.00-22.00). In 
algae from the giant benthic didemnid L. patella the ratios, 
usually around 4-6X, ahoved a slight decrease around 20.00-24.00 
hr a . 


Unfavourable circumstances did not permit us to continue this 
aeries of samples for more than 32 hours beyond 16.00 hrs on 
15 Mar 83. However, ve were able to obtain some additional data 
from samples of Dip , virens and L. patella taken hourly, between 
06.00 hrs and 18.00 hrs, on 16 and 17 Mar 83. On both days there 
were more cells undergoing division during the morning hours 
(06.00 - 12.00 hrs) than later in the day. There was a more 
pronounced difference between the high and low proportiona of 
dividing algal cella in Dip , virens (19X and 2X respectively) than 
in L. patella (8X and OX respectively). 
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Discussion 

Although the three syabiotic ascidians under consideration 
here are found in the save intertidal lagoon, they occupy 
different habitats. Dip , virens . which has the smallest colonies 
of the three species, seldoa exceeding 2 ca in diaaeter or 0.3 cm 
in thickness, occurs highest on the shore, on rocks or mangrove 
roots exposed daily to full tropical sunlight (Levin, Cheng A 
Alberte, 1983). L. voeltxkowi forms colonies several ca lcng and 
1-3 ca vide on leaves of a seagrass ( Enhalua sp.) in about 1 a of 
water, where it is never totally exposed even at low spring tides. 
As in Dip , virens the colonies are thin, less than 0.5 ca in 
thickness. 1.. patella , on the other hand, is a giant dideanid 
that grows either attached to loose sandy gravel aaong coral 
rubble or on calcareous algae (Ha liaeda spp.). The colonies arc 
uaually acre than 1 ca thick and aay exceed 10-15 ca in diaaeter. 
In the reef-flat area where we carried out aost of our 
observations, soae of the colonies of this species were totally 
exposed at low spring tides. Since colonies of L. patella 
generally occur 10-20 a further offshore than thoae of Dip . 
virens . their exposure to full tropical sunlight is generally much 
leas than that of the latter species. Such ecological differences 
aay account for the differences that we observed in the cell 
division frequencies of Prochloron cells in these different 
dideanid boats. Dip , virens . which shows the highest cell division 
frequencies and aoat pronounced diurnal rhytha, is a'.so the aost 
aotile, being able to shift its position relative to light 
(Birkeland, Cheng and Levin, 1981). It probably baa the highest 
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rate of vegetative reproduction. Thus the high proportion of 
dividing algae in this didemnid may be a reflection of the 
relatively high grovtb rate of the animal host (Thinh e_t al. . 
1961). Although in this host species ve observed more cells in 
early division stages at 04.00 hr than at any other time during 
the day, ve are not yet in a position to assess its rate of 
reproduction in Nature since ve do not knov hov long it takes for 
a single cell of Prochloron to divide into tvo. 

Hovever, since there is evidence for a diurnal rhythm, vith a 
maximum around 16Z, it seems reasonable to conclude that the rate 
of cell multiplication cannot be less than one doubling in six 
(100/16) days. It is possible that Dip , virens grove equally 
rapidly, so that the animal cells grov at the same rate as their 
algal symbionts. Field observations indicate that the other tvo 
species (L. voeltxkovi and L. patella ) grov much more sloviy. We 
must therefore conclude either that the excess algal cells are 
consumed in the colonies of their hosts (for vhich there is some 
evidence from electron microscopy: Cox, 198J) or that they are 
expelled through the cloacal apertures into the surrounding vater. 

We have been unable to find references to comparable studies 
of cell-division frequencies in other prokaryotes under natural 
conditions but have learned of some relevant, unpublished data 
from Dr. John J. Waterbury, Woods Hole, Massachusetts. He 
observed that a marine Svnechococcus . collected at frequent 
intervals from surface vaters in Woods Hole harbor, shovs evidence 
for a diurnal rhythm of cell division: the frequency of dividing 
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cella rite* during daylight hour*, reaching a peak of about 2 5X at 
dusk, and then declines sharply to a sore or leas constant value 
of 5X during the night. 
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Legend 

Fig. 1-3 Proportion* of dividing coll* of Prochloron in colonic* 
of (1) Bip lg I pm* rifgpf, (2) UffpcHWP Tglillt pyi «nd 
(3) L. potcl 1* . based on count* made at 2-hr interval* 
in a 32-hr period. Each point represent* a value baaed 
cn 400 cell* counted (respectively, 100, 200 and 100 by 
each of the authors): the range* are indicated by bar*. 
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P' gi -performance liquid ahramatography (HPLC) with a gradient-elution 
technique was utilized to separate and quantify chlorophylls g and A »s wall 
aa major carotenoid pigments present in freeze-dried preparations of 
Prochlorop -dldaenld associations and In Prochloron cells separated from boat 
oolonlaa. Rasul ta oonflrm aarllar spectrophot coetric evidence for both 
ohloropbylls a and A in this prokaryota. Chlorophyll g:p ratios range from 
R.1* to 19*71; ganarally good agreement was found batwaan ratios determined in 
isolated oall preparations and In syablotlc ooIod.* as (ip noanlte ). These 
values are 1.5 to 5-fold higher than ratios determined in a variety of 
eukaryotic green plants. The oarotenolds in Prochloron are quantitatively and 
qualitatively aisilar to those found in various freshwater and sarine blue- 
green algse (cy anophy tes) from high-light environments. Bcvever, Prochloron 
differs from cyanophytes by the absenoe of ayxoxantbophyll and related 
glyoosidlc carotenoids. Its pl^ent oharacterl sties are considered 
sufficiently dlffereut from those of cyanophytes to Justify its assignment to 
a separate algal division.. 
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Intr oduction 


Asong photosynthetic algae, Prochloron . a genus of ooooold, non-motlle, 
single-celled algae, 7-25 Aim in diameter, generally living as syablonts in or 
oo tropical dldemnld ascidlans, is morphologically and biochemically unique 
(Lewln 1976). In oell structure it resembles cyanophyte algae, since no 
membrane- bound organelles or nuclei oan be seen under the microscope, and its 
layered photosyr.thetlc lamellae are not associated in ohloroplasts. 
■everthelese, Prochloron is distinguishable from cyanophytes by the absenoe of 
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pbycobll lsoaes and tbe preMDoc of ob. a ophyll £ (In addition to chlorophyll 
A) (Lcwln 4 Withers 1975). In a study based on spectroptootoaetric absorption 
eoans and thin-layer ohraaatography (TLC) , Withers mi gl. (1978) established 
the praasnoa of oblorophyll £ in Prochloroc sea pies froa at least six 
different boat apeclas. They observed a similarity in the ooaplaaent of 
oaroteoold pigaents between Procbloron and oyanophy tes, and oooflreed tbe 
absanoa of phyoobllisooes. We further confirm these findings and present data 


k 
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Pigaents of Prochloror. cells, both associated in syabiosla and separated 
froa their didennid hosts, were extracted froa a variety of saapl.j; see Table 

1. For ooaparatlve purposes we Included saaples of freeze-dried and fresh 

a. 

cyanopbytes and ohlorophy tes. Axenlc clones of Mostoc entophvtua and Ancvatls 

ao at an a were grown in tbe laboratories of tbe Culture Collection of Algae and 

aJC 

Protozoa, Caabrldge, U.K. The following algae were cultured >tf tbe laboratory 
in Worth Caro lin a under ^ 

400 pto -2 sec -1 PAR lllualnation (cool white). ingbaOPB fllfliiidClflldil 
(Cyanopbyta) was grown in Cbu-10 (minus ooablned nitrogen) (Cbu 1942). 
Chlorella vulgaris and auadrlcauda (Chloropbyta) were axeolcally 

grown in ASM-1 aedlua (Parker 1982). Solrogyr a spp. & Chlorococcua 
huaiffola (Chloropbyta) and lavlcula spp. (Cbrysophyta) , all obtained froa 
Chowan River, N.C., were grown non-axenlcally on ASH- 1 aedlua diluted 1:3. 
Microcystis aeruginosa (Cyanopbyta) was oollected froa a surface blooa in tbe 
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Reuse River, where It oonstltuted over 95$ of the pby toplaneton biomass. 

A 

C odium lecortet.ua end Ulvs lectuce (Chloropby te' were freshly seapled fraa 
Bofue Sound, I.C. The sperastopby tee enelysed were obtained fraa the H.U.P. 's 
far den. 

Among the plant aaterlals dlsouaaed, oarotenold and ohlorophyll pigments 

were all exaalned by HPLC, and In specified cases, al so by TLC and scanning 

spectrophoti’ letry . The pigaents were extracted fraa centrifuged algal oells 

or freshly ground higher plants by sonl cation for 4 aln in 90S HPLC-grade 

aoetone (Fisher) buffered with HgC&^ to pH 8.0, and then allowed to stand at 

A U C in darkness for 30 aln. For Scenedeaaua and Olva a second sonlcatlon was 

necessary in order to quantitatively remove the pigaents, but for all freeze- 

dried saaples only a siqngle extraction was needed, ioetone voluaes used for 

extraction were varied according to the quantities of plant aaterlal being 

-extracted. Dry weights of all plant aaterlals were also determined. Extracts 

>• J p < »_ / 

< were oentrlfuged twloe et 26 00 BPH fcllewed by filtration of the 1 supernatant! ,4 ' ^ 

through dlaaeter 0 . 2-+ia porosity Nuclepore filters in preparetlon for both 

HPLC end TLC. 

HPLC Methodology : For each HPLC analysis 20 til of filtrate was injected 

into en Altei model 1 1 0- A liquid chromatograph equipped with dual (naps, a 

P 

25-oa long Oltraspbere OaS- 18 reverse-phase ooluan and a Hitachi 100-10 
spectrophotometer (detector) with an 8-*il micro- flow cell. A linear solvent 
gradient program was used. The following aobile-phase gradient steps were 
employed: 0-7 ain = 100$ of e 90:10 methanol :eoetonltnle mixture (solvent A), 

7-11 ain x a linear increase to 60$ aoetone and *0$ of solvent A, 11-20 
aln z 60$ aoetone and *0$ solvent A, 20-28 ain x a linear deorease in 60$ 
aoetone uotll solvent A was again the sole solvent. The flow rate was 
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adjusted to 1.5 *1 min" 1 . Absorption peaks we . Taphloelly recorded sod 
Integrated, and total peak area a were determined wi.fc a Hewlett-Packard aodel 
3390A reoordlng Integrator- pi otter. Integration analyses allowed for 
quantification both of specific pigments and of relative contributions of the 
lndlvlcual ftlgznz.i to total pigments detected. 


Carotenoids and chioropfay 11s were Identified and quantified by coaparing 
their retention tiaes and absorbanoe characteristics to known reference 
standards, which included: 1) purified chlorophyll a (fro* Anacvstls nldulana ) 
frae Slgaa Chemical Company; 11) purified p oarotene, also from Slgaa; ill) 
zeaxanthln, one saaple from Phormidlua oerslnicus (donated by Dr. D.' Chapman, 

A 

O.C.L.A.), a ssoond f ran freeze-dried corn ( Zea mala ) . and a third synthesized 

. /./ . / V 

by Hoffaan La Roohe, Switzerland; iv) ^yxoxanthopbyll, two seaples jgr rr — 

T . K M ' 

respectively from iMbams oaclUArlgldsa and fUcrocyatla IimlaflMg v) 

^ fi <- 

purified echlnenone from Hoffman La Roche. Respective R f values were also 
obtained by TLC separations (Pasrl At Ai- 1963) and compared to corresponding 
values determine'! by other workers (Stransky and Hager 1970; Jeffrey 1974, 

1981). 

Chlorophylls a and fe revealed their respective absorption maxima at 663 
nm and 642 os. Maximum absorption peaks for carotenoids were close to 475 no; 
accordingly this wavelength was chosen for specifically detecting carotenoids. 
Together, chlorophyll a and carotenoids were effectively detected at 440 nm. 
v He used values far molar extinction coefficients for chlorophyll a and £ 

published by Jeffrey and Humphrey (1975) and for pertinent carotenoid* values 
published by Davies (1976). 

TLC Methodology : Two-dimensional TLC was used both for pigment 

purification end for identification of sslsctsd samples on Avloel micro 
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crystalline oellulose-ooated flats plates 25 * 20 i 20 aa (Anal tech, Inc.). 

All TLC sad PHLC raagants war# f‘ sbar HPuC or A. R. grade. The first- 
dimension separation was In n-propanol :1 lgrolne (2.5:97.5 v/v), the seocnd In 
1 lgroine ; onl or of ora : acetone (70:30:0.5 v/v/v). The only deviation from 
Jeffrey's technique (1981) was In tbe use of llgrolne Instead of light 

petroleim, which was unavailable. Fluents froa filtrates were Initially 

( 

ooncentrated by extraction and partition between equal volumes of petroleum 
etber and 105 aqueous NaCl at -20°C far 20 min. Tbe ether phase containing 
tbe pigments was collected and oonoentrated to 30 *il by volatilizing tbe etber 
under a stream of bellum or argon. Any water remaining after this 
concentration step was further separated by oe ntr 1 fugs t Ion and discarded. 

Concentrated pigment solutions were applied 2 cm from a oorner of each 
plate and tbe solvent front was allowed to move 15 cm. Plates were dried 
between first- and second-dimension separations. Clearly separated spots were 
localized and removed by carefully scraping then off tbe plates and preserving 
them In 901 aoetooe at -20°C. (Reference values were as follows: chlorophyll 

A s 0.8*3/0.239, chlorophyll £ = 0.512/0.101). Pigments purified In this 
manner were processed further by HPLC for Identification or purification. 

Scanning Spectrophotometry : Absorption characteristics of filtered 

extracts were determined with a Btusch and Lomb model 2000 O.V.-Vls. double- 
beam scanning spectrophotometer. We used quaratz mlcrocurvettes 1 cm In 
width. Soane from 800 to 350 nm were plotted on an x-y recorder. 

Results 

Evaluations flf analytical procedures . Chlorophyll and carotenoid 



pl^sents remained well preserved In recently freez^dried dldemnid colonies 
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And In Isolated Prochloron samples. Bo degradation product of ohioropbyll a 
or A, respectively pbeophytln a '*be sax * 667 nm) or pheopbytln A 'abs 
Bax * 655 nm), tree detected by spectrophotometry of extracts froa HPLC 
aeparatlons. Quantitative values for chlorophyll A sod A sod for major 
oaroteooids decreased less than Sf during 6 aootbs of storage In the dark at 
-20°C. Froa all saaples except Scanedesia and Diva , ooaplete plgnent 
extraction was achieved by a single son! cation. In these two algae, Included 
for cooperative purposes, approximately 70* of the pl^ent oontant was 
extractable after the first sonioation and a further 20 % was extracted after 
the second. Extraction efficiencies for ohlorophylls and carotenoids were 
siailar, ±4.51. The total elution time for all ohlorophylls and carotenoids 
in the gradient described above was 19 aln (Pig. 1). Baseline drift during a 
single run proved to be less than 3*. lepeat HPLC injections during a 2-b 
period after plgnent extraction and oeotrlfugatlon had a standard error of 
±4.91, indicating that extraction and storage procedures yielded plgnent 
saaples stable for at least 2 h. 

Chlorophyll a *nd A results . Table 1 lists ahlorophyll a-A ratios and 
specific chlorophyll A contents of the aaterlals examined. The chi a^A ratios 
in whole oolonles were very close to those in separated oells of Prochloron . 
lndlcatl'g that no significant amounts of these pigments were contributed by 
other epiphytic or endozoic algae associated with the dldemnids, and that, for 
ahlorophyll determinations by BPLC, prior isolation of Prochloron is neoessary 
only for determining pi go on t s per unit of algal biomass. 

The specific ohlorophyll a content of Prochloror appears close to the 
aean value for aost of the green plant aaterlals examined, but the obi a:A 
ratios are generally higher (Table 1). While in eukaryotic plants these 
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ratios ranged fra* 1.76 to A. *5, those of Prochloron ranged fran A . 1A to 
19*71 • Prochl oron derived fran dlvsrse dldeerud boats revealed draaatlc, but 
consistent, dlffaranoas Id obi ratios (Table 1). 

fbe type" of oarotanold plgnents found in Frochloron ware in good 
agreeaent with pravioualy published obaarvations of Withers H li. ( 197 8). In 
all saaples ezaained R f values the following aajor carotenoids were 
identified: zeaxanthln (R f ■ 0. 380/0. 3*0), eohlnenone (R f *0. 860/0. 415) , and p 
carotene (R f * 0.960, 0.890). A alnor oarotenold, possibly oryptoxanthin 

* • 

(B f > 0.7 2, 0.81), was also consistently detected by both TLC and HPLC, but, no 
reference standards for its oonfimatlon (cf. Hertzberg and Liaaen Jensen 
1966; Stransky and Hager 1970). Myxoxantbopbyll, which is oomnoniy found in a 
wide range of cyanophytes (Goodwin 1980), was oonsplcuously absent from 
Frochloron iPig. 1,2), as previously noted by Withers gl. (1978). In other 
respects the carotenoid pignent types in Prochloron proved nore aiailar to 
those of cyanophytes than to those of eukaryotic green plants (Fig. 2). 
Carotenoids typically foiud in such eukaryotes, including lutein, neoxanthln, 
vlolaxanthln and antharaxanthln (Hager and Stransky 1970; Jeffrey 1981), have 
not been detected in Proohloron. Likewise, the relative proportions of 
oarotenfcolds, estlaated fro* integrated peak daU (Table 2), indicate that in 
its carotenoid ooaposltlon Prochloron wore closely reseables cyanophytes than 
ohloropbytes (Fig. 1,2,?), and like cyanophytes, has a ratio of p carotene to 
ehl g higher than that of ahloropbytea (Table 3, Figs. 1,2)^ (cf. Stransky and 
I^ger 1970, Hager and Stransky 1970 and Ooodwln 1980) Echlnenone, reported as 
an extra- pi ast idle carotenoid produoed under unfavorable enviromental 
conditions in certain ohloropbytes (Goodwin 1980), occurs in Prochloron and 
cyanophytes (Fig. 1,2) but not In aqr of the aaaples of eukaryotes exaalned 
here. Lutein, oeaaonly present in eukaryotic ohlorophytaa (Fig. 3), was not 


round in Proctor on or in toy of the cyanophytes examined (Pig. 1,2). 
Prochloron contains rather large quantities of seaxantbln, as do Boat 
prokaryotic and eukaryotic plants (Pigs. 2,3). 

The presence of both obloropbylla g and £ ae well as oarotenold pignents 
is reflected in spectropbotoaetrlc absorption scans of 90S-aoecon« extracts. 
Characteristic features In the spectra appear In the 350-475 m region, where 
Procbloron exhibits a relatively wide absorbanoe band (Pig. 4). Per unit of 
ohlorophyll, the absorption of near-DV light was higher In aoetone extracts of 
whole dldeanid oolonles than In extract of the algae alone, Indicating the 
presenoe of oone OV-absorblng aaterlal originating from the animal (host) 
oells. 


Olacuaaioa 

EFLC Is well suited to rapid qualitative and quantitative analyses of 
photosynthetic pl^ents, ooablnlng high resolution, good sensitivity and 
excellent repeatability. Comparative analyses of P rochloron . cyanophytes, 
ohlorophytes and higher- pi ant aaterlal s revealed both unique and ooanon 
plgaent oharacterlst.es of Prochloron . Although Its chlorophyll g content is 
not strikingly different from that of other prokaryotic or eukaryotic algae, 
the relative content of chlorophyll £ is generally lower by a factor of 2 to 
5. We cannot yet say whether the observed variations In cblg/chl £ ratios 
reflect genetic differences or contrasting environmental conditions In the 
different dldeanld hosts. 

prochloron contains a range of oarotenold pigaents; with the exception of 
the absence of hyxoxantbophyll, the spectna Is like that of aost cyanophytes 
thus far examined (Stransky and Hager 1970, Ooodwln I960). Carotenoids aay 
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se rve for pfaotosy otbetlc energy transfer (is sn accessory pigment: Warburg and 
Hegel sin 19 22, Beer so r. and Lowia 19*3. Haxo and Blinks 1990, Goedheer 1959. 

Cho and Covlndjee 1970, Cox and Bendall 1974) and/or for pbotopr otectlon. In 
Prochloron . which nay inhabit dldaaruds In shallow ollgotropfaic tropical 

M 

waters exposed to high levels of lrradlatlo, accessory carotenoids sight serve 
In either role. 


Spectral absorbanoe curves of aoetone extracts of Prochloron resembled 

1 ■ I ’ , . » • • • r ^ ' ' v’.'.i f ‘ . • y 

those of mgsy cyanophytes, ohlorophy be* and terrestrial plants. (Fig. 4), with 

J A v i 

* • C r 4 • i -v r » «' f*i> r <v, 

strong absorption saxlsa In the 350-450 ns region, as reported earlier by 
Withers gi. ( 1978)., The presence of abundant carotenoids and the strong 
low- wavelength absorption say reflect Prochloron ' a well- Illuminated habitats, 




\ (. 


where It sight be able to exploit the light at relatively high PAP saturation x - 
levels (P Q p t i 700 pE s~ 2 sec” 1 PAR; F. Alberts, personal communication). It ; 
has been shown that energy from low- wavelength radiation captured by p - 
carotene may be efficiently transferred to chlorophyll in the photosystem I of 
oyanophytes (Goedheer 1964), whereas xanthophylls say serve sore as 
photoprotective pigments (Goo6vin 1980). The relatively high proportion of p - 
oarotene in this alga say be considered of eoologioal relevance. Prochloron 
thus shows several well-defined biochemical and eoologioal similarities to 
cyanophytes, complementing the sore obvious similarities in their structural 
features. 
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Table 1. Chlorophyll £:ahl orophyll p ratios and ohloropbyll a content of 
Prochloroc determined la hoaolte In all but 3 samples and various eukaryotic 
plants. 


Class and species 

Sour oe 

Chl A : 1 

Chi a 

(mg g" 1 dry «#t) 

^Proohl or ophy te 




rrochlproa 


5.23 

4.94 


In Dldemnua molle (1963) 

4.98 

5.01 


from Dinlosoma slmllis > , 

\ 

4.14 

6.32 


in Dlnlosoma v Irena (1982) 

14.0 

5.41 


in Dlnlosoma Virens (1979) 

13-20 

5.03 


In Dlnlosoma virens (1983) 

13-65 

4.78 


in L1 l jo^llnua PiAlratsa^C' '0 

fcft. 


u 

Liaaoclinum natella (1983) 

10.41 

4.21 


from Llasocllnua natella ( ) 

10.62 

6.15 


in Llaaoollnua TOtltkOkll ( 1982) 

9.29 

5.05 


in Llssocllnua voelskowii (1983) 

9.36 

5.12 


from llssocllnua voelzkowil (1982) 

10.41 

7.05 


in Tridldeanua clinides (nO 

(19 

19.71 


in Trididamnua cvclons (19 I a) 

5.83 

3.49 

Chloroohvta 

Chlorocooou^m humlools 

2.25 

7.41 


podium decortatum 

2.09 

7.52 


TMenedesmus QuadflfiAUdl 

1.96 

6.05 


Snlrogyra ap. 

1.76 

5.90 


Diva laotuca 

2.61 

4.48 


Braaalsa oleracai 

3.22 

4.25 
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ipinacia oleracaa 

2.29 

8.26 


Clcborlus 9 ally U 

2.91 

8.19 


Imps L is ns sp. 

3-85 

5.23 

Cbrvopbvta 

Mavlcula sp. 

3.11 

9.95 
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Tabls 2. R«1 ativt proportions of major carotsnolds in various Prochloron 

strains, as determined by HPLC. 


Prochloron from: 


Carotenoids (f of total) 

Zeaxantbin E chins non* CryptoxantbinJ^-carotene 


l)^isnus soils 

26 

12 

niDlososa simllla 

29 

9 

Oiplososa vlrsns 

20 

10 

Lissoclinus oatslla 

29 

9 

Liasocllnus vptltkPWll 

31 

6 
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Tabl • 3. Chlcropbyll 1 and oarotenold oonteots of various alga*. (Published 
data war* recomputed for tbls oooparlson.) 




.tr p* o<e *» o 


.«r-eo-wc€_ 


Organisas Cbl g Total Carotenoid: p-carotene: Kafarer. 

(by genus) (mg g” 1 ) carotenoids obi g total oarotenolda 



(mg g" 1 ) 


Cnaqpfly;a 


Anacyatla 

9.46 

7.67 

yvnecboccocua 

3.96 

3-59 

Mlcrocyatla 

3.91 

3.14 

Hardsnopedla 

6.11 

3.64 

Pfaoraldiu" 

2.99 

2.95 

Anabaena 

3-95 

2.82 

ApbaaUpatnofl 

3.25 

2.19 

Qacillatorla 

6.88 

2.32 

.1. J 

3.06 

2.63 

Cblo: „ v v 



Junillallfl 

8 .60 

3.39 

Entering 

4.55 

2.85 

Ink i at rod a mu a 

22.02 

4.10 

Soanedcaaus 

12.16 

5.12 

Ctolortlli 

6.95 

2.96 

Zvgneaa 

633 

3.56 

Char a 

2.05 

0.84 

ProchlorophTta 



Prochloron 

‘RECEDING 

PAGE 


0.81 

0.24 

1 

0.91 

0.22 

1 

0.80 

0.42 

2 

0.60 

0.40 

1 

0.99 

0.28 

1 

0.71 

0.40 


0.67 

0.45 


0.34 

0.59 

1 

0.86 

0.19 

1 

0.40 

0.26 

3 

O .63 

0.20 

3 

O.i 9 

0.02 

4 

0.42 

0.13 


0.43 

0.09 


0.56 

0.41 

0.18 
« 

3 

^oT31' 


blank not filmed 


V 


in Did, ■olle 

5.01 

*.91 

0.58 

0.51 

in DIP. alMl 1 la 

8.1k 

28? 

0.59 

0.50 

in Pic. Tirana 

8.78 

2.88 

0.60 

0.58 

In L. patella 

8.21 

2.77 

*.66 

0.63 

in L. ▼OtllfaWll 

5.12 

2.30 

0.85 

0.59 


1 


Stransky and Hager 1970 


■paerl 


/et al . 


1983 


3 Hager and Stranaky 1970 

K 


Goodwin I960 
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Pf . ocM.ror Expedition 


R. 


S. /dherte 


i:. 

Prepare PiiiCfcli'IfiL photos ynthetic membranes for the isolation of 
the two major chlorophyll-proteins, the P700-chlorophyll fi-protein and 
the light-har\ estirg chlorophyll s/b-proteir., using EDS-po 1 vac r ylairide 
gel electrophoresis. The prepared proteins (purified^ will then be 
examined for their cross-reactivity tc polyclonal antibodies prepared 
from higher plant proteins. In addition, material will be prepared for 
1) electron microscopy, 2) isolation of the DNA for determination of its 
general complexity (COT analysis) and similarity to barley chlorc-plast 
DNA and Anab aena P'iA by using restriction-endonuclease analysis, 3) 
Kleirschmidt spreads of t :e DNA will be examined in the EM to identify 
and measure the extent and size of the circular DKA. 

Expecipenj^i Design 

Photosynthetic membranes were prepared from Ptochloron cells in of 
Lissoclinium pa tella by squeezing '.he animals and collecting cells 
Tris-HCl or Bicir.e (pH 8.4)-buf fered seawater. Cells were washed in the 
sane buffer and resuspended in C.l M Tris-HCl (pH 8.4) containing 0.3 M 
NaCl. This suspension was French pressed at <500 psi (1 passage) to 
obtain membrane fragments. Since we were unable to pellet these 
fragments, sufficient amounts of 10% SDS were added to bring the final 
concentration of SDS in the preparation to 1% (w/v) . This material was 
stored for 15-30 min and then centrifuged to remove cellular debris. 
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■ 
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rc..uv •<! f re r the qcl, diaiyzec against distilled water ar.d then 
lyoj . I for fc otting or. vitrocellul Vhv vitroc< Llulosa b 

vili bo leachec with ftaph /.-coupled antibody to which *■ I has been 
t<o..r.d. t positive ar.t icon -ant ibody reaction will bo visualized on less 
then 1 pc protein by audiaradiagre.phy. 


Additional 


1. Effect oi light one. cork or. photcsyr.thetic (PS) performance of 

Pxp£ialfi.c£u cells in siu.. 

fop - Colonies of L. patella were placed in sunlight and in total 
darkness. Each cay i or 6 days, Proch loron cells were extruded and their 
FS activity i<.asurod on a Clark-type oxygen electrode (Rank ires.). 

Re sults - It was found that L. p atella colonies kept in darkness 
for up to 4 days showed no sigr.it icar.t effect or. the FS activity of the 
syrbiont. On day 5 and 6 the PS rate dropped to 1/5-1/7 of light 
controls. 


2 . 


Photosynthesis vs. Irradiance Characteristics of Prochloro n fron L. 
patella. 


Exp - Pr ochloron cells were isolated from L. pat ella (as above) and 


oxaraned for their oxygen evolution rates in relation to light 



£>_. - ?l a'^i ioron cells were isolates and washes twice in f’.illiporc 
(0.45 sl-filtered ana buffered seawater to rerxve extraneous materiel 
and to re. *uce- bacterial cor.tarj.nat ion. Cells were placoc in the ~bove 
moaiur. in vie* Is and incuts tea ii. the presence of ^ 'C-iai: fi llea 'MXJCh far 
30 i.iin, 60 min and 120 nir.. IVrk controls were r-r. ler each tire point. 
At the end of the* incut-. t ion periods, colls were re 11-: ted end the 
supernatants (£-i.) Jn^ardc-d. Tnis vac repeated rich cole serveer 
(ci-.se) t-iid the S-i: I ai d II corbirec, Cells r».o a*—!, ’.ere kxiloo with 
boiling ethanol ai’.u acidified (to re. cvc un_. unctcctco CO^ cr I.CCj) 
with 6P IIC1. Soi.ples were packed for counting later ir. Chicago. 


re sult s (To be- obtained in Chicago.) 

4. Photosynthesis and respiration xr. larvae of L. l&ic.Ui. 

fo-p . - Six to C swirmir.g larvae of J,. p>l1£lUm were placed in a 
charter with the oxygen clectrocx to determine whether they were capable 
of Diet photosyntheis. 

f au lts - In these experiments it was shown that the larvae were at 

condensation; that is, the respiration rates of each larva plus the 50- 
CO million algal cells were equal to the PS rate of the algae. 
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Cut i i.-jot .j . _ . 

prepare ci. c .v. easy. 

vsr,te . to r. phe 


to sasa;. c*:-. in suj* in Ptavh;..,- in, and 

future use* 

•c-cy.-.t;.'. _;u ... cr. indicator of whole cell 


CO 


' ‘ ■ : 

cells niter their rc:.o\al 1 rc:i, the ho^.t aniral. 


II. 


I- 


iliS 


k 


A. Coll coagulation: V’e observ.d cell coagulation (gross, 

iu iLv c«. uul<.r curves) under rrony cone it ions, 

including the ic J ovine; 

1. Squeezing colls iror host into nr, inadegratel} L.jf force 
n.c<:iu. (Sea water buffered with 40 nil Trio (TESL’) or 
Dicine at p!! 0.4, using a 1:1 ratio of buffer and 
GCjUeeuute cave eyy^rentiy satisfactory living colls.) 

2. Freezing the cells. 

3. Treating them with If toluene. 

4. Allowing cells to sit at high density, such as in a 
pellet fron centrifugation. 

5 Suspending ceils in hypotonic or hy^r tonic r.edia. 
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Ci-Z^l^K t 

Cui col jxcoxiou^i ■*• 

C-C-? oehvoerccr.rSi 
Isocitr le dehydrogenase 
Italic enzyme 
^ "(julkCtosiui .se 
^-galactcsicfcse 


C. Enzyr.e extracts; All the alx.vo vr.zymas (part B) , and suptroxidv 
dicr.Wwa..o (GOD) wore dso essayed in broken cell preparations. 
Only SOD v;c.s conclusive detected Lr ‘ore the spect rc^hotoretv-r 
failed! Soluble protein: \ ..re extracted by French pr.rsing the 
cells and by hypotonic shock. Iht ext roc ted prctcin w ss deteccea 
by Lour} protein assay or precipitation v'ith au ion iur sulfate. 


D. Cell survival; life tried various ocher*, s to stabilise cells sc that 
they could carry out photosynthesis . Additions oi a variety of 
antioxidants or thiols to cells in TL-5i‘ did not preserve cells. 
I'onitoring the kinetics of loss of phouosynthetic capacity over ? 4 
hours shoved that photosynthesis v/as best preserved in solutions 
above pH 8, with shaking to prevent settling oi the cells. 

Bicine+t ice rbonate buffered sea water seenied prorising. pH 6.4 
buffering, no buffering and high coll density led to note rapid 
declines in photosynthetic capacity. 


0 


Oh.G.KAL p.’~ ’ '2 
0F P °OR CtAUr/ 


Cel trioic: Ftc.r’r. cell o.'.rrwCts ir«ue ir. .gu-jcus ouife-r, etruuiu- 

or ; * -t — r.oi cants w-.ee re detectable tiuois r-s resburso by trie FCJB 
• • : t . ( rnis *~ri *.o u-;c er 


Co: l oggregat.sr. Pt ■'xhlsror. cello aggregated vhen ctju eesed into 
Yrsv oi isotonic ' aCl. Coils in isotonic TuCl -*• 10-20 rti BETA did 
not. Such v ells, teturr.ee to tee water, aggregated. The factor or 
factors re~pGr.Si.Dle were not conpieteli ioentiticc, but is seers 
tl.it aggregation is probably lir.keo to caleiun levels in the necia. 
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Pilph A. Icwi:. or*. Izyv.v Oher.c 


powS-wic conven.-nt ccuctt ot t}T.biotic 
Ok.rir.i-- ..•j.ie pre\iSwSiy survv. *<. ,u. r :n<; 
b'— S l f i tvT — C— . • '•r'C 16 b f CU -Til a . — ‘ 


ev cite*. wcrv ;... 

. 

IFL-VI rein ins L; 
d ..vC.-ioitiiiity. 


. tyec ;s 
ilcjcri 
• fjr the 

1 1 V.lu> 


not necessary to u~e a bocc, -ire. there was roauy access ty road 
to the t.'ikko-Palau Hotel dock. Pcp:ec.<=r c-tive colonies were 


photographeci iu situ . 


2. Proc hloroh fror.i the six major species of symbiotic didemnids was 
compared , in terns of yield art. ease of expression, pH of the 
expressed serum, coll size and vscuolation, etc. Cxilorophyll a/b 
ratios and D!A (Hybridization studies) will be cerriec out later cr. 
lyophilizec r.ater ial. Comparative uata are being tabulated . 

3. Tadpoles from Li ssoclinum patella colonies were observed emerging 
from cloacal apertures; about 4C0 were collected. All but 4 
carried a girdle of symbiotic Prochloron cells (about 40,000 per 
larva). Observations were made on motility, phototaxis, and 
settling, :n light and darkness. Samples were fixed for later 
norphological and oytological study. 


4. Observations made on cell viability (the o>ygen electroae was u ed 
by L. Fall to measure photosynthesis) indicated that a marked 
increase in protoplasm viscosity of the cell contents was 
associated with cell death. Living ceils, in 5 miccolitres of 
buffered sea water under a coverslip, when pressed with a 2 kg 
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wt*ic«r - . j* i C wt*». . » cu(iip» .cc * a , w , *_■ r id coriVcr«t^ 01 

Ltd t . • , ■ 


b-if c.u s . u-- u: *.-i (Ktpc i \'r value .bove 7) re*; «. ir.ee rv^r^ju;, 

i o .• ... iMc for cell preptra 


, 

enriched with low concentrations or unoniur. chloriue one :odiwn 
glycercpnosphate and suppler.entec with various concentrations of 
sodium bicarbonate oi Tris butfer (pH 8.0). Eighty tubes with 

various eonbirations of these supplements , inoculated with various 

0 

numbers oi coils (l-lfr/tube) wore incubateo in diffuse daylight 
(ca. 250C lux) at 30°. Another sot of 80 tubes, r-et up with 
sterilized nutrient sea water, was supplemented with various 
concentrations of catalase, cysteine, glutathione and a sterile- 
filterec. extract o£ host tissue (Lisso clinum . { Stella ) , and 
inoculated v;ith single Prochlorcr. cells isolated by 
jricromanipulation on agar. (About 70% proved bacteria-free.) So 
far no sign of growth has appeared in any tube (after 3 weeks' . 

For eventual studies of various enzyrr.es, Prcchloron cells from L* 
patella were disrupted by hypotonic r.edia (Tris, EDTA and NaCl, 
each 0.01 II) or by amonium formate (5%, approx, isotonic with sea 
water) . One passage through a French pressure cell (scuirting 
Prochioron suspensions from 3-4 flPa to atmospheric pressure) 
completely disrupted r.ore than 99% of the cells. These lysates 
were frozen or lyophilized for later analyses of nucl.ic acids, 
enzymes and sulphydryl compounds. 


-le- 


vs ; jg 

poow g jau ct 


Ir '.tJuur. to the tbove, whole rniralu (mt.err.ia •* nlsul 

ted • v.- iol cel \ • re 

preset • i , A X 

ir.will.itioj: \iuic tere pr- rest t ones in ec f 0-500 *.9 o. 


or IrcibCd wtu 
uoilou : rivtly 
etc. (A lubui 


.ntiutiew urtftdtec trover; c.ioew»iw.t or algae, .[ ..er, 
. .me nuc :•••• i efort iyc 

< . 


will be distributee! to various colleagues, v;ho have solicited such 
nateriala tor special st cotes in laboratories around the '..'or Id. 
results of their collaborative analmes should be forthconiwg 
witr.in the next year. 
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Ostomist 



ElPZil. 

^ ****** 

Er£^£JL154i 


wlicle 

0k 

P 

3 



expressed 

(c;:. 10 kg) 




Prochloron cells 


27 

12 


lysed 

4 

€ 

2 


French -pressed 

5 

6 



extracted 


4 

l 

Lissociincn ypfrlltSWli 

whole 

1 

2 



Er^hieiaa cells 


6 


>^L)C'C x xr. c. tfn 

whole 

• 



TucJlUaLfUi: cyUfi** 

whole 

2 

3 

l 


Prochloror. colls 


5 


Tridideimua cliiu&s> 

whole 

12 



r4£i^5£I i* VllSDi 

whole 


3 



Proc'r.lorcn cells 


1 


Diplo^ot^ Birilis 



3 

l 

Prochioron cells 


6 


Diui^iwti trails 

whole 


4 



Prochloron cells 


3 

l 


! -mnun spp. 

(£ot LiT.i) iotic) 


whole 


2 
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l.P.C. VI! 


(Sone of thir r i.gh* includes in the section 0:1 Materials and 
Methods:) 


The ceils of Prouhloron (which hcs :.ot jet seer. cucce®» fully grown 

lr. . 

Col - tost# t) Ullt didcoiid ... Lissoclinun 

were collectec by L. Cheng unci R. A. Levin at low-tide level on 
reef-flat sand between Ilanori Island and Koror, Palau, Western Caroline 
Islands, in Feb. -Mar. 1982. The animal colonies were taker., immersed in 
sea voter, to an 8,000-litre holding tank in the Micronesiar. Mariculture 
Demonstration Centre and kept with cor.scar.tly running sea water at 30°, 
in which they remained healthy for several days. Indiviuual colonies 
vere picked clean ot contaminants (chiefly gravel and segments of 
Hnlir.icca) . r inset, in r-a water buffered with 40 nil or 100 tv.*! Tr;a luffer 
at pi.' 8.4, and squeezed by hand to express the algal cells Iron the 
cloacal atria. The algae were received in about an ecjual volume of the 
cane buffered sea water; this neutralised the acids liberated by the 
^ bru i-.ee uscidians end thereby maintained the pH high enough to keep the 

algal cells green. (Without such buffering, the pH dropped below 6, as 
noted also for other ascidians [Otoecker, 1980: I!ar. Ecol. progr. Ser. 

3, 257-265), and the algae tended to die within a few minutes and turn 
brown due to the production of phaeophytin (Thorne, Kewcomb and Osborn, 
1977: P.N.A.S. 74, 575-578].) The Piochloron cells were washed twice 
with buffered sea water and concentrated by centrifugation at about 50 g 
for 90 l -conds. Microscopic exar.iination revealed that contamination Dy 
animal lost cells or bacteria was negligible (much less than 1%). 
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(INVESTIGATOP: Please v)*ck this on your casipia after rehydration.) 

Tiic sup*rnaturt soluti:r. was carefully decanted, «r«c the coll pa a to ( 1-5 

- . , wi frozen to '2C° overnight. Hit 

contents were then sn.u in c. Virt.it, L-100 lyophilizer under low 
prepare (130 r.torr) for 15-20 hours. (Occasional power failures ray 
have oomewiuit interfered with the freeze-ucyme process in sore 
samples.) The vials were tr.er. cjuicxly tappet., soaleo with conforming 
tape, and storec at -20 c except during transportation by air betv/een 
Palau one La Jolla. Henceforth they have been kept in carkness at -20°. 


Mien you publish the results of your research on this material, please 
include anung the acknowledgements nonet hi ng on the following lines: 

The Pr ochlo ror. rater iel was collected and supplied by Drs. L. Cheng 
and P.. A. Lewin, with occasional help from other timbers of the 7th 
International Prouhlorophyte Expedition, Palau, Western Caroline 
Islands (Feb. -Mar., 1982), using facilities of the Micronesian 
flariculture Research Cr.ttre at Koror. The I.P.E. VII received 
financial support from the national Aviation and Space 
Administration (Planetary Liology Section) , under grant No. NAGW- 
181 to Ralph A. Lewin, Scripps Institution of Oceanography A-002, 
University of California, La Jolla, CA 92093 U.S.A. 
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P«ationale 


Prochloron requires a source of N. It can obtain this Iron 

h . It 

obtain it fcor sea water as oo free-living algae (FAA5 , but 
this is not likely to be the ragor source (biomass 
consicerations) . 

f’ethods anc Observations 
1 * 

1. Influx of C-glycine into: 

a. symbiont pair, 

b. Pro Ctiloro p. . and 

c. aposynbiotic dideuiias 

2. Met influx of asp, set, &U, alii into a, b, c (as above) . 

3. Met production or influx of aixonia (as in *1). 

4. Availability of and FAA to the symbiont pair fron natural 

sources. 

a. free in water column 


b. at seuiirent-watcr interface 
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c. in inter". titiui \a.tcr of secir^ntfi 

i>. Rate of iiiworjoration c>£ ^C-ylvcir.o into protein ar»c otr.tr 
con .pounds ir. c-o cftlor ;,n . 

Techniques for *1 anu f ; ace scintillation courting, solvent 

: , , . 

III. Eccples collected. 

1. Influx and net influx fo- all local dide.'rni.ds. 

2. Influx, net influx anti incorporation for Proc hloron . 

3. Environment scnples from: 

MDC site, 

Mkko Palau Hotel rite. 


IV. Results 


To be obtained at U.C., Irvine. 



